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.ABSTRACT

Simplified modelsfhre deQeloped for radia:ivé heating and cooling
and for ozone.photocheﬁistry in the ¥egion 22-060 km.s The latter permit
the inclusion of nitrogen.and hyd?oge; reactions in additioa to simple

“oxygen reactions. The simplicity §f ;he‘schemc‘facilitates ghe use of
a wide variety:of cooling and fégction rages{. Wé also consider deter-
mination of temperature and composition as a joint-process. It is
shown that joint radiative—photochemical équilibrium is appropriate to
the mean state of Ehe atmosphere between 35 and 60 km. Equilibrium
calculations are them used to show that hydrogen reactions are important
for ozone and temperature distributions primarily above 40 km while
nitrogen reactions are important primarily below 50 km. Coﬁparisons
with oﬁserved distributions of temperature and‘ozone suggesf the neced
" for water vapor mixing ratios of from 0.5-2.5 x 10”6 and mixing ratios
" of (wo, + NO) of from 2 x 10_8~i.6 X 10'-7 at the stratopause. At 35 knm,
a mixing ratio of (NO, + NO) of about 3 x 10”8 is indicated. The
precise values depend.on our choice of reactién and radiative cooling
rate coefficienfs, and the simple forﬁulatioﬁ permits the reader to
check the effect of new rates as they become available.

The relaxation of perturbations from joint radiative—photochemical
equilibrium is also in&estigated. In all cases the coupling between
temperature dependent ozone photochemi;try and radiation lead to a
reduction of the thermal relaxation time from its purely radiative
value. The.latter, which amqunts to about 10 days, is reduced to 2-4

days at heights of 31-35 km. This greatly enhances the dissipation ot

waves travelliug through the stratosphecre.



2
1. INTRODUCTION
The equilibrium temperature in the stratosphere is determined

by the approximate balance between’ heating due to absorption of solar

wultraviolet energy by ozone and cooling due to infrared emission by the

15, band of carbon dioxide, (A certain amount of coovling is also due to
03 9.6p emission, but this codling is considerably less than that due to
the 15 band of COZ tMurgatroyd and Goody 1958]). The rate of energy

absorption and therefore the temperature depend on the ozone density.

Production of ozone is by the reaction

0+0,+M—>0, +M ()

which is strongly temperature dependent, This coupling between tem-~
peraturc and ozone density indigates that the relaxation time of a tem- .
pérature perturbation should not be that due to carbon dioxide cooling
alone but should be that due to carbon dioxide cooling modified by the
effects of photochemistry.

Lindzen and Goody (1965) have calculated the thermal relaxation
time for carbon dioxide <;oolir1-g coupled with photochemical effects
for a pure oxygen atmosphere. Since these calculations were made,
the rates for pure oxygen reactions have been questioned and alter-
native rates have been proposed. In addition it now seems that
reactions involving nitrogen and hy'drogen compounds may be sig-

nificant in determining the ozone distribution in the stratosphere.



.(HunL 1966, Leovy l969a, Crutzen 1971) and such reactions should there—

fore be_included in the photochcnxcal model. Most of the rates for

reactions involving hydrogen comuounds are not tecmpcrature dependent

so there is a question as to the influence of thesb reactions on the
coupling betwecen ozonc density and temperaturc. It has been suggested
(Leovy 1969a) that if the hydrogen reactions are dominant in determining

the ozone density tuen the appropriate thermal relaxation time is just

" that due to cooling from the 15 carbon dioxide band. As we shall show,

this is untrue since relation (1) remains important in all schemes.
Cooling due to infrared emissioh by carbon dioxide and modified by
photochemistry acts as damping on motions in - the stratosphere. The

time scale for this damping, which may be represented as Newtonlan

' cooling, is simply the thermal relaxation'time scale. As Dickinson

(1969) shows, internal Rossby waves, excited in the troposphere, could
carry large amounts of energy up to the lower atmosphere unless this
time is much less than ten days, ten days bging the approximate time
scale for unmodified CO, 154 cooling. Thus, the effects of photo-

chemistry on this time scale could be crucial. :



In this paper we s'lhall investigate the cffect of photochemistry on
the cooling ra‘c.e fof the height range 22-61 km. A simplified photo-
chemical model that is suitable for this height range and that in-
cludes reactions invoiving nitrogen and hydrogen compounds is de-
veloped in section 2. The temperature equation for this photo-
chemical model is obtained in section 3. Vertical distributions of
con:iitituents and temperature for radiative-photocherﬁical equilibrium

are discussed in section 4, Linearized equations for the photochemistry
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and tempcratufe 'are found in section 5 as are the relevant time scales
for photochemical and thermal relaxation. Conclusions are presented
in section 6.A

Many reaction rates are uncertz'tin by as much as an order of
magnitude so a wide range of values is used. Becauée mixing ratios
for water vapor and nitrogen oxides are uncérta'm s.everalv distribu-
tions are used, For the range of rates and ratios used, it is found
that the effect of including photochemistry is to reduce the thermal
relaxation tirﬁe scale above 30 km from the Yalue appropriate when
only infrared emission by carbon dioxide is considered. Further-
more, the minimum value for the thermal relaxation time scale
always occurs at heighté,' Ibetween 31 and 35 km and with values be-

tween two agd four days.

It is also foﬁnd tha£ equilibr‘ium 'distribu't.:iéi'lis.. lofvtem'perature and
ozone density vary with the different rates and r'at‘iosas;'sumed. " At |
the stratopause relaxation ti'me.scales a"re_short enough (90
minutes for ozone and a few days for temperature) that the equilibri-
um temperature should be close to the observed te;nperature of ap-
proxi.mately 270°K (Supplemental Atmosphere [Tropical], Theon and
Smith 1971). We attempt to match the obser\'red temperature rather
thém the observed ozone densities since the former is better deter- -

mined than the latter between 35 and 61 km,



The negléct of nitrogen and hydrogen rcactions leads to the predic-
tion of cxcessive temperatures betwéen 35 and 61 km. The prediction of
observed temperatures between 50 and 61 km calls for water vapor mixing
‘ratios of from 0,5-3 # 10—6 depending on the reaction rates used. A
mixing ratio for tota; nitrogen oxides (NO + NO,) of 2-3 x lo-szproduces
correct temperaturéé from 35-50 km. All such estimates depend on our
choice of reaction and cooling rate coefficients, but the dependence

“has been specified in a simple manner.
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2. PHOTOCHEMICAL MODEL
As mény as 80 different J;;eactions have bcen.considercd for an
atmosphere consisting; of nitrogen, Hydrogen, oxygch, and their

cempounds (Hunt 1966, Shimazaki and Laird 1970, Crutzen 1971).

For many problems the full set of reactions may not be needed and a
much shorter set can be used for the photochémicai model, It should
be apparent that the simplified photochemical model deweloped in this
section may not be the most suitable one for all problems.

‘For the current problem we ére interested primarily in the
vertical distribption of ozoné, the reaction§ wh-ichv determine this )
distribution, and the temperature dependence of such rcactions for the
| height range, 22-61 km. Many reactions are important in only limited
height ranges. Reactions which are important only above 61 km or
below 22 km are not retained. .The list of rgactic;'ns retained is in
Table 1.

For each constituent found in Table 1 it is possible to write a

continuity relation

dn.

Lyn .75 -L ' 2
TV vES TN : . : (2)

S
where d/dt is the substantive derivative, -tf'-+ v‘f? . —\? is the velocity

vector, and ni,Si, and Li are the number density, source term and

" loss term, respectively, of the constituent i(i = O(O(BP)), O*(O(ID)),
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HOZ' OH, H, HZO" HZOZ, ‘HNO?’, HNO,, NO, NOZ’ and NO?,)' Below
70 km -
where n_ is the molecular number density, SO the éontinu‘it"y equation

for n becomes
m

3

, N
- e v =0. 4
It nm‘+nmv v=20 ,(,)

Substituting eq (4) into eq (2) yields

dni/nin :
& (5, - L.)/n - : (5)
The ratio ni/nm for a constituent i.is referred to as-its mixing Iratio.

The phétocllemiéal model .now c.onsis_té of 13 continuity equations
of the forn‘; (5). Thefe are sever-al relationé among the constituents
which will further simplify the rﬁodel. Some of these relations have
been pointed out previously (Ditsch 1968, Leovy 1969a, and Crutzen
1971). "

Since belov'v. 61 km less than 1% of the HZO molecules are dis-
sociated in a day by reactions (3$ and (8), the mixing ratio of water
vapor at a givén height may be considered constant. Also the

adjustment time for equilibrium of O% is t(O%*) = (k,»znm) (10 = sec

and.that for H is t(H) = (n n k )'1'( 4'sec. DBoth of these
: A 02 m 10 ‘



constituents may be considered in equilibrium with concentrations

| 1370, : :

N e .

ok~ k.n . (6)

7 m :
and
n.nk —
o0 9

~ . (7)
~ -

"1 noznmkm + no3k27

As Leovy (1969a) indicates, eq (7) means that when reaction (27) is
small compared to reaction (10), the atomic hydrogen produced in
reaction (9) is destroyed so rapidly by reaction (10) that the two

reactions may be replaced by the single reaction

OH + 0 —> 10, ' X (8)

" with the reaction rate, kg' This approximation is valid below 40 km
but about 5% of the hydrogen destruction at 40 km is by reaction 27
and above this height reaction (;7) becomes increasingly important to
the destruction of hy&rogen and ozone, accounting for 20% at 60 km.
Thus, if reacpion rates are sigﬁificantly alterred, reaction (27) could

become a major one.
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. When the reactions involving O and O3 are considered, it is

apparent that the dominant reactions involve interconversion between

0 and 03. The ratio
B N J3a T
R, = — & ——— &)
1 n, n, nmks
3 : 2
has an adjustment time t(R,) = (q, + q, +n 0k )—l < 102 sec
: i 1 32  '3b 0, m 5 - ’

2

which is short compared to other time scales of interest so eq (9)
remains valid. Similarly the reactions involving interconversicn
between HOz.and OH are dominant among those involving these two con-

stituents. Below 40 km, where (8) may be used
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"Ho,, nokg F “03k12 .
R, = N ' . ‘ (10)
2 7
fow ¢ Bokir T ™wotis
which has an adjustmeyg time of t(Rz) = (nok'9 + n03k12 + nokll +
-1 : )
nNOkls) < 100 sec. ;Above 40 km
nuoz“okli + “1{“031‘27 -
n ~ (1)
OH ’ n0k9
and
Py, n10 ¥ Ron0, 12
K %0 N n.k | (12)
. 2 . 011 .
which have adjustment times c(oHl) = (nokg)-1 < 15 sec and t(HOz) =
(nokll)~1 < 15 sec. Therefore, when eq (7) is used in eq (12) the
resulting ratio is -
"Ho, kg : n031‘2.7 1 .
R s fad —_— e (1+ . ) o (13)
2 mgy "~ ok %0, n 10 :
+ k12
Rik11
The term iz in (13) becomes negligibly small above 45 km.
1711 ) .
Finally, by similar arguments, one gets a ratio,
n nOkl(‘) ta
NO o~ - N
R3 = n ~S n. k ’ (1[')
NO 0., 17
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: - -1

] 3 = - 200 .

adgustmgnt time t(R3) (n0k16 4 qNOz nOoki'l) ( 200 sec
<

HNOZ, and NO3.are app

whichhas an
HNO ' roximately

The three constituents, 3

in equilibrium with values of

k19“m“1_\loznoH L o .
: o .
k. n ? LR . . (1<)

HNO 21”0

o~
o~

3
koo™ r‘on NO. 16

and : . .
' Kk + k..
ZannHNO3 18’“1\102’“03

1n

nNo”:’/ K
Y3 23"NO

Their adjustment times are: T(HNO ) = (kz1 O -1 { 2-103 sec,

: 3 3
7(HNO,) = (kzzno 1 (2-10° sec and 7(NO; ) =k 54 NO 1210

may be gufficiently long for the use of eqmlibrium values

These times
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to be questioneci. However, eqs (15), (16), and (17) permit an estimate

of the densities of HNQ3 H NOZ’ and NO3 ‘relative to the densities of NO,

NOZ' HO and HOZ' These estimates indicate that 'the constituents A-NO3

HNO., and NO_ are of minor importance in determmmg the vertical

2" 3
| distribution of 03. Therefore eqs (15), (16), and (17) are valid approxi-
mations for the present problem. | |

The total odd nitrogen density is the sum <-)f the densities of NO,
NOZ' NO3. HNOZ’ and HNO3. Since the list of reactions in Tabie 1

does not contain sources or losses for the total odd nitrogen density,

the continuity equation is

' + 1
(nvo o. T o. T Puno HNO., -
4 2 > > -0 (18)
dt n -
m

(ryo ¥ Pno. ]
L = 0. . (19)

Two sourceé for total odd nitrogen in the region 22;61 km are con-
§idered to be downward diffusion of NO from above. 70 km \v};ere it
is formed and the upward diffusion of'NZO ffom the troposphere,
which is then destroyed by the reaction

N,O + 0% —>2NO | | (20)
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with a rate k = ‘.9x10-'11 cm3sec-1 (Donovan and Husain 1970). Now the

mixing. ratio of NZO is 2, 5x10-‘7.at the tropopause and apparently de-

5

.creases with height (Schutz et al. 1970). If we estimate the mixing

9

ratio of NO + NO_ as 10 7 - 10-7 (Junge 1963, Barth 1966, Pearce

2
1969), then the time scale for an increase in odd nitrogen density duc
to the two sources described is estimated to be several weeks., The

possible losses to the odd nitrogen densify are downward diffusion of

the constituents or conversion to NZOS followed by downward diffusion

of that constituent,

Rather than try to include the source and loss terms for the odd
nitrogen concentration, weAhave decided to use eq (18} or, equivalently,
to set

(nNO+nNOZ)/nm=K - (21)

where K is a mixing ratio which is constant in time but a possible
function of height, This highly simplified t;éatment ‘of the nitrogen

constituents may be justified on the grounds that we are not seeking

a detailed time and height distribution for each nitrogen constituent

but are trying to evaluate the importance of the nitrogen reactions

to the distribution of ozone.

The constituent HZOZ is produced in reaction (24) and destroyed

in reactions (25) and (26). The net result is the loss of 1O, back

into HZO' This conversion also occurs in reaction (14), If rcactions
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(?4), (25), and .(26) arc neglected the result is that the sum, n.. + nHOZ'

calculated is too large. However, the change in the sum, n .. +n )
, YoM T THO,
occurring when these reactions arec ignored, is significant only below
35 km. It will be shown in sections 4 and 5 that the reactions involving
hydrOden are 51gn1f1cant only above 40 km. Therefore, reactions (24),

(25), and (26) are to be neglected.

The constituents O%, H, HNO I—INOZ, and NO3 are con51dered to

3’
belin equilibrium (eqs (6), (7), (15), (16), and (17) and the water vapor
mixing ratio is considered constapt in time .wh11e I—IZO2 is neglected.
Therefore, the continuity relations, eq (3), are needed for only the

six constituents, O, 03, NO, NOZ’ HO, and HOZ' By using egs (9),

(10), and (14), the six continuity relations are reduced to three:

' —(1+R)(p C - A, -ngll -~ FgX, (22)
& 4 R = Do+ G - EW5, |
Gl t R =Dot+ G- Ey, _. (23)
and
SH+R )X =0 c | " s
dt( 3/ T g . ' - (248

where ¢ = no3'/nm

‘? = 8o/Pn

X = nNOz/nm

with
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C'-'z o/, ‘ o (25)
: 2 ) _
pom 2le6n | .- (26)
B = (Rjkg *+ RyRyk +k:) '2401{-' (27)
1Rokyp ¥ R 2 o
"o, 10 )
B=(Rk +R1211+Rk9(1+ — )
. Mo f27
3
K..) Y 40 knm : (28)
12 nm ? .
F = (2R 16 18)nm' (29)
D= 2k8nH20q3blk7nm . (30)
G = 2q, N /n (31)
H,0"H,0""'m
E= 2(k13 2 lé)n . (32)
Using (13) in (28) we get
: ~ 2(R kg + kydng et (33)

" Had we formally rgtained (27) above 40 km, then we would aléo obtgin
- (33) as an approximation. Thus (27) may bé used at all heights with
only small errors. As with eq (13), klz.in (33) may be neglected above
45 km. |

Eqs 6, (7), 9)- (17), and (22)—(32) together with the reaction
rates in Table 1 comprise the photochcmlcal model to be used in

sections 3, 4, and 3.



17

- 3, ENERGY RELATION
" The cnergy relation is

4T =y
P, at =S+pV ?

(34)
where p = pressure, T = temperature, p = density, c, = heat capacity
" at constant volume. Here
a—— A . . . . ‘- . )
S = E+C , : (35)
where E represents energy absorbed and Cis the heat exchange due to
infrared radiation. In the atmosphere the fractional pressure change
is small for velocities less than that of sound (Jefferys 1930). This

permits eq (34) to be.approximate_d by

g%-.-l-wz& :'p—i—(f':'i'C) _ ’ ' (36)
P .
where cp = heat cgpacity at constant pressure, g = gravitational con-
stant and w is the vertical velocity. (See Ogura ana Phillips, 1962,
for an analysis of the validity of (31); Holton, 1971, shows that (31)
is rigorously correct in a coordinate system where log p replaces z.)
"As discussed in the introduction the major source of cooling in
the region 22-61 km is the 15U band bf carbon dioxide. This cooling
is proportional té the local blackbody function (Rodgers and Walshaw,

1966) which, for the raage of temperatures found in the stratosphere,
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can be approximated as a linear function of temperature. Thué, the
cooling or thermal emission, is

1 — o. : P
—C T =a(T -180") . ... N YD
pc R A . . ) ‘ .

T - :
where a is a function of height. We use ‘cwo"differen.t distributions of a:
(1) a = (17 days)-l (Lindzen and Goody 1965) and (2) a = (10 days)'l,, ‘

z 2035), 2 ( 35 km, (Dickinson 1968), These

z ) 35 km, a = (10 days)'l(l +
“two distributions, referred to as slow and fast infrared cooling
respectively, offer a range of cooling rates. They show the effect that

changing the infrared cooling rate has on the stratospheric temperature

and ozone distributions., More recently Dickinson (1972, personal com~
munication) has suggested that 'a' continues to increase above 35 km.
The energy source may be written as.
E=2n ¢ (38)

where 1;1«_ is the number of reactions per sec per c_n13 for reaction .C
and € is the energy gain per reaction. - The € consists of dissocia-
tion energy, D; , and solar energy absorbed, E, . With these
definitions eq (33_) becomes

, _ :

E = %rz (EZ. + D’Z‘ ). (39)

Solar energy absorbed by 03, OZ' HZO and NO2 contributes to the

source terms:



19

Sr E, =hv_q,mn. +hy_ (q, *q,)n
7 posL 0,%2%0, © 0, %3a * Y3pi70,
+ hv q n
NO2 NO2 N(?Z
*hy, ~9 of (40)
. HZO HZO HZO
where
(z) = I - x.)dv, j =0, , HO,, NO 41
qJ(L) jaJ oVexp( ?aJxJ) v, §=0, 03 5 2 (41)
and
v, = q.-1 5‘a.v1 exp( - < a.x,v)d'\\. - | L ) (62)
i i oV j i - ; .

) ) o 2 -~ .th .
~ dere aj(\;) is the absorption cross section in cm of the j constituent,
Iov is the photon flux incident at the top of the atmosphere, Xj is the

' 2 th . '
total number of molecules per cm of the j constituent between the
top of the atmosphere and the altitude z, h is the Planck constant and

V. is the mean frequéncy of solar photons absorbed by the jth con-

J ' :

stituent. Representative variations of (q3a + q3b)n0 » 95 Bg » Ay oy 0
. 3 2 T2 2 2

‘with height are shown in Figure 1. It is apparent that

4
an qNoano2

(4, + qQdn. Y. aq g and (qy, Fagp)n Y ) Gy QP
3a " G3p70; 7 0, 0y 32" 3b70, 11,0"H,0
heights. Since h\;o /h\,H o and h\')o /h\)H o vary between 1 and 1/3,
_ 3 2 3 2 _
the Ferm h\'o (q3a + q3b)no is much larger than th 0% oPH. O oT
3 3 Al
at all heights. The latter two terms may be neglected

at all

hv q. n
L0270 %
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(q, +tq. In_ hy q n __ . Below

| 03. 3a 3b O3 NO, 'NO, NO,

30 km, the ratio (q3a + q3b)nO /qNO
' ' : -3 2

in eq (40). Above 30 km h-,

nNO7 ) 8, provided the mixing

ratio of NO.2 does not exceed 3*10‘-8 (the value used in calculating

1

NO, for. Figure 1). Since hy 3/h; OZ::; 0.7 below 30 km, the
- ' L |
term hv3(q3a + q3b) 3 Y h\NO qNOZ 2a.t all he1ghts and the latter
term is neglected in eq (40). Then eq (40) becomes

q n
NO,

NO
St BT fvg s U3 m® (43)

The second part of the energy source term in eq (39) can be written as

dn_ /n
f O, m - d g
%rf. ADf. = D(O3)nm dt —ED(OZ)an(E{nO/nm+t—i—t—n0.{1n1}
~
dnHOZ/ "m dn . /n_ ° Ho,
+DHO, n T 2P0 (—5¢ dt )
-dn___/n NO
1 d OH m . d 2
-ZD(HZO)n (dthOZ/n +———d-€—-———)+D(NO )n dt( o )
(44)

where D(j) is the dissoclation energy of the j constituent We have
evaluated (44) in detail and have’ found that its’ contribution is always
small. We will mercifully spare the reader from the SpCleiCS (M. B

(44) is identically zero for equilibrium.)
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Thus eq (31) becomes

— .g_.. = - — o’ s ) /€
iz + w o ne - a(T- 180'/ | (45)
thre
= 15 L ‘ ' 46
.n z “"03(q3a + q3b)nm/r>cp (46)
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4. RADIATIVE-PHOTOCHEMICAL EQUILIBRIUM

The pﬁotodissociation ratés and cnerg& absorpfion all vary with
the solar ieﬁith angle‘and thus local changes in tem}erature and compo-
sition ﬁave a time scgle of a day. Tﬁe photochemical relaxation time
scales are lesélthan a day above 35 km for all constitqents so calcula-
tions made with the local‘t;me.changes in compoéitién neglected should
still give realistic distributioné of constituents. However, the'
thermal relaxation time scale is a minimum of two to three days (seec
section S5). An estimate of the dailj variation in temperature due o
changing zenith angle of the sun caﬁ be made. 7The maximum energy ’
absogption per day is ;t.SO km so the maximum daily;véria;ion in temper-
-ature would be expected at this height., At 50 km thé energy absorption
rate at noon is about 3 - 10“3 ergs cm sec-l. Roughly one half of
.this energy goes to maintain the mean temperature. The noontime'flux
is_also about half ﬁhe,amplitudélof the diurnal éscillation in absorp-

tion. Then, from eq (45), the daily variation in temperature .is esti-
. ]

mated

a(T)d ' _ (475

where the subscript d refers to the daily variation and a = (10 days)_l,
: -6 -3 7 -1

p=10 " g cecm ~, and cp = 10" ergs (g °K) ~. Thus Td 2 2°K which is
small enough that calculations made with the local temperature change

neglected should still give realistic estimates of the temperature.
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In the temperature relation, eq (45), the advective terms are
BT oT 3T g B
= - o . s 4
u3x+vay+w(az+g) _ (48)
The size of the winds and temperature gradients can be estimated from
Leovy (1964a and 1964b), who calculated thermally driven circulations
in the stratosphere and mesosphere. Between 35 and 61 km the advective
terms are at least an order of magnitude less than the remaining terms.

3 -1 ..dT

°K km vy gro,_\{z .6 m sec

For example, at 50 km %3'53 3 - 10

‘w2, .08 cm sec_l, and %—-= 10°K km-l so the yettic§l_éavectiveﬁterm'H:
p - ,

isAW 8 - ZLO_6 °K set:'_1 and the horizontal advective term i;
N2 10-6 °K sec~1. Since the cooling term, a(T - 180°), is
Y 10i4 5K sec-l, the advective terms can be neglected in the temperature '
equation. Similarly, the advective terms in the continuity equatioas
’iféah be neglected.  For example;hat_sofkmitheiyg;g}qal“sca}gwfqughe o
:ozone mixing ratio is about 24 km, so the time scalé for change due to
advection is Vv 3 ° i07 sec. At 50 km the OZoﬂe relaxation time is
5.4 ° 103 sec so the advective terms can be neglected. Below 30 km,
however, the ozone relaxation time scale increasés_rapidly to
.3 107 sec while the advective timebscale decreasés. Therefore, below
30 km the advective .terms are importdnt in determining the ozone distri-
bution in the atmosphere.

The possibility also exists that the tides excited by solar heating

could produce mean fluxes of importance to the mecan thermodynamic budget.
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Carcful checks indicate that this 1s not the casc below 90 km. Thus

radiative-photochemical equilibrium secems appropriate from 35-61 kin.

> .
.

For radiative-photochemical equilibrium egs (22), (23), and (45)

'becorpe
’0=C-A¢2-B¢p—FX(p ‘ (49)
0=Dp+G - EY - | (50)
0 = -a(T - 180°) + iz ~{(51)

The distribution of ¢, ¥, and T with height for equilibrium is found by

solving eqs (49), (50), and (51). simultaneously. The solution depends

on the mixing ratios of water vapor and the nitrogen oxides and on the
values of the rates used for the reactions listed in Table 1.

As indicated in the preceding paragfaphs these three equations are
valid for the height range 35-61 km. Below this height the photo-
chemical and thermal relaxation time scales become long enough that the
neglected terms, parﬁicularly the advective terms, should be retained
.to find temperature and ozone distributions which agree with those
"observed. For convenience, eqs (49), (50) and (51) are used for the
entire height range, 22-61 km, with thc'stipulation that the resulting
radiative-photochemical equilibrium distributions are not expected ﬁo

agree with those observed below 35 km.



An equilibrium solutién also depeﬁds on 1, q3;>;' Aqy 4y o’ and
. 5 :

9vo. " which are calculated.at ecach height using eqs ¢41), (42), and
2 _ :

" (46). The spectral region, 1755-3950 R, is divided into thirty-eight

frequency intervals and the region,,-4750—7000 X, into four intervals.

Below 61 krﬁ nearly all phofodiséociation of Oz, 03, f—IiO, and NO2 is
.due to absorption of photons in these two spectral regions. Incident

. photon fluxes, Io\;' are obtained from Kon:dratyev (1969) {or 'tk-1e spectral
regions above 3100 R and from Brinkmann et al. (1966) for the region

: belbw 3100 2. It has been suggested (I{intereégef 1976) that the

_.photon fluxes found in Brinkmann et al. (1966) for the spectral region

. below 1800 R méy be too large by as much a‘s a factor of three.

Below 61 km the absorption of photons with energies corresponding



26
to wavelengths less than 1800 & makes only a small contribution to

o., H

20 O3 2O, and NO

dissociation rates of O Therefore the question

2.
of the magnitude of photon fluxes for the spectral reéion below 1800 £
is not important for our calculations.
. . i th .
Actual cross sections, aj, for absorption by the j  constituent
vary with frequency. For each frequency interval the average cross

section, Ej' was used. -Cross sections for O, are from Griggs (1968)

3

and Inn and Tanaka (1953). Those for HZO are from Watanabe and

_ Zelikoff (1953) and Thompson et al. (1963). Those for NO, are from

' Hall and Blacet (1952) and Nakayama et al. ‘{1959). It is more difficul:
to determine ﬂle appropriate cross section for O2 in a givén frequency
~ intexval due to the presence of the Schumann-~Runge a.bs orption band
which has numerous narrow rotation lines. One way of treating the
absorption m the Schumanﬁ-Runge,band is to ﬁ'ons‘ic\ie.r the absdrp’cion

_cross section for O, as a function of both frequency and path length

2
. (Hudson et al. 1969). Then it is possible to ‘divide thg atmosphere in
la):ers vertically and calculate the abs.qrpt_i.cgn coefficient of a given
frequiéncy interval for each layer (Brinkm%mn 1969). .The atmosphere
between 61 and 22 kr1;1 is divided into.t'wenty-four. 'l'a'yers.

The water vapor mixing ratio is not well detcfmin(?d in the
stratosi)here. Some observations (Mastenbrook 1.968, Scholz 1970)

6 6 6 6

indicate a value-of 2:10 ~ - 3°10"° at 29 km and 2:10 ~ - 6-10 " at

50 km. The value of the mixing ratio used at a given height is
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. important at lower heights only if water vapor is a significant absorber
of solar photons or if the hydrogen reactions strongly affect the ozone
density since ozone is 5 strong absorber of solar enérgy. In the height
range 22—61 km the attenuation of incoming solar radiation due to
absorption by water vapof is negligible. ‘It is found that hydrogen
reactions are dominant in determining the ozone Hensity above 40 km for

6. The height above which the

a water vapor mixing ratio of 5 ° 10
hydrogen reactions are dominagt increases with decreasing water vapor
mixing ratio. Since attenuation of solar encrgy by ozone is small
-above 50 km, it is only at héights.below this that the vertical distri-
bution of wétcr vapor above is iﬁportant. &he effect.;f varying the
mixing ratio of water vapor with height is not investigated here. Tov
_'convenience the mixing rafio for water vapor is assumed tO Se constant
with height and is varied from O, 10'8, ‘10'7, io;é, 5:107° to 107 for
sugcessive ca%es.- éy this variation we sﬂow tﬁé iﬁpor;ancg of water

" vapor in deterﬁining the vertical distributions of pzone'énd hence -

' temperature.

As indica;ed in section 2,-the vértical distribution for the mixing
ratio of the nitrogen oxides, NO and NOZ:, is not well known., However,
if downward diffusion 'of NO from above 70 km occurs, the mixing ratio
of NO must increase with height. The mixing ratio of nitrogen oxides,
K, is defined in eq (21), ana may be written, by use of eq (14), as

K = (1+ Rj)X. . (52)
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K is given two different distributions:

(1’ K 3'10-8 exp(z - 35)/H z ) 35 km.

-8

. (53a)
341077 z ( 35 km

3'10-9 exp(z - 35)/H 2z ) 35 km

'an'ld S (2) K
' (53b)

301077 2 (35 km
where H = 9.25 km. These two distributions are within the range of
observations discussed in section 2. They should be helpful in
determining the importance of the nitrogen rcactions to the ozone and
- ﬁemperature dist:ributions.. i’he tqrms, high nitrogen a}nq low'nitroge:r.,
refer go.distribgtions (L .and (2), respectively. .

Reaction rates (5)-(26) are uncertain. Three different sets of
rates are used for reactionms (5) and (6) (the pure oxygen reactions)
and these three sets éfc listed in fable 2. The fates to use for
_reactions (7)-(26) are individually incre;sed or decreased by a Eactof
- of 10 and the equilibrium distributions of constituents and temperatures
are recalculated. It should be anoted that the rates for reactions
" involving HNO2 are not known. It is assumed ;hat these rates are the
game as those for similar reactions involving HNO3. This assumption is
admittedly a guess which permits an estimate of the number density of
HNO, . From eq (16) it is found that the.number density of HNOZ, is
sufficiently small that the equilibrium estimate of HNO2 by eq (1€) is
adequate for the current work. Even if the actual rates for
reactions (20) and (22) are such as to increase the number density of

HNO, by two orders of magnitude from those estimated in eq (16) using
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the rates in Table 1, the effect of‘HNO2 in the current work could
still be treated by usc of eq (16). Since féactions (20) and (22) do
not appear in eqs (49), (50), and (Sl), the rates used for these reac-
tions will not invalidate’ the cglculated temperatures or concentrations
unlesgvfhe actuai rates are such that the‘number density of HNO2 is:
more than two orders of magnitude larger than eétimétéd. If the actual
rates are such that HNO2 nunber density is more than two orders of
magnitude larger than estimatéd Here, the validity of qu(l6) would
have to be reconsidered

In solving eqs (49) (50), and - (51) consideration must be given);o
the fact that the thermal emission, as representcd 1n eq (51) by
‘— 2(T - 180°), occurs twenty-four hours a day‘while the absorption of
'.solar energy and photochemistry as given by the other teyms in the
threé equations, occur only during the daylight hours. Therefore, in
eqs, (49); (50), and.(Sl) the termé involving either absorption of solar
- energy or photochemistry are calculated féf their noontime values at
the solar equinox and then these values are divided by two. Above"
50 km where absorption does not vary much over the daylight hours, this
approximation is fair. However, at lower. altitudes it obviously over-
estimates absorption. That this is the case is shown in time dependent
calculations which we will mention later; the average temperatures
obtained from time dependent calculations are generally 10-15°C less
than the equilibria calculated here. The thermal emission term is used

at its full value because it operates the entirxe day. Since the rate of
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absorption of solar energy at a given Height' is also a function of latitude,
equilibrium calculations are madec’at two létitﬁd;s: 0° and '450. ' |

In Figures 2'and 3 (0° 1a£itude) and Figures 4 and 5 (45° latituvd'e) N
are shown the 4radiative-photochemica1 distributions of témpera‘c’;ir.é"an-d.
ozonc density for six cases: (i) O (hydrogen and nitrogen reactions
neglected), () H+ O (nitroéen reactions;' negiecfed), (3) N + O_(léw)
(hydrogen reactions neglected), (4) N + O (high) (hydrogen r.eaction‘s"
negiected), (5) N + H + O (low), and (6) N + H + O (high). = For all six
'c_:ases‘the rates in set 1 (Ta'b_le 2) are used forA reactionsﬂ (5) and (6),
" and the fasf vertical di‘s.trib.utionA foi‘ a. When the hyci}o_gen reaci:ic.ms
are included, we use the 5- 10“6 ratio for water vapor. |

Differences among the six different 'c':ases are most striking in the
temperature profile (Figures 2 and 4). The O case shows a linear
.increase in temperature up to 45 km and fhen a very small decrease in
‘temperature above. 'fhe inclusion of the nifrogen reactions (low mix-
_ing ratio for 'nitro'gen oxides) decreases the equilibrium tempc-rature
and ozone density beloxfz 30 km and has liftle effect on the distributions
above 30 km. ’fhe effect of the nitrogen r eactions is more pronoﬁnced-
when the high mix.ing'ratioA of'n'itro.gen o?:ides is us'ed'. The temperature
below 50 km is considerably reduced (v ZOOK) from the pure O case

and the ozone density below 40 km is also considerably reduced (~ 40%).



31
Inclusion ‘olf the_ hydrogen reactions has little cffect below 40 km
but above this heiéht strongly‘reduccs the ozone density and tempera-
~ture from the §alues found for the pﬁ?e O case. When the hydrogen
reactions are included, they are dominant in determining the tempcra-
ture and ozone d"‘ensity above 45 km even ;yhgn the nitrogen reactions
are also included with either the low or high mixing ratio for nitrogen

oxides, Most significantly,.there appears to be no way of producing a
temperature decrease of the observed magnitude'above the stratopause

without including hydrogen reactions!

Water vapor 1nusf be dissociated bafoi;e the resiltant constituents
H, OH, and HOZ’ can act by means of the hydrogen reactions to reduce
ozone density and thus temperature. It might be expécted, since the
mixing ratio of water vapor is gssumed constant with height, that thé
hydrogen reactions would be important at all heig'hts, not just above
40 km. However, the dissociatipn of water vapor is strongly height-
dependent. The photodissociation of water vapor below 61 km is due
to absorption of solar radiation with energies corresponding to wave- .
lengths below 200Q R, which is stroggly attenﬁaﬁed below 8§ km due to

8

absorption by O, and O,. As a result. q'H d'égr'éa‘se,s from 4,310

2 3
-1 ' -1 2 . | s
sec at 61 kmto 1l.1°10 7 sec ~at 22.5 km, Water vapor is also dis-

O

sociated in reaction (8) and the rate of dissociation depends on the

density of O%, From eq (6) the density of O% is proportional to 434
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" which is the absorption rate of radiation by ozonc below 3100 K. The

radiation below 3100 & is significantly attenuated below 45 km and q,,

decr‘eases from 8- 10-3 sec.1 at 45 km to 1.1° 10-'4 sec-1 at 22.5 km.

It is apparent that the dissociation of water vapor increases with height

and, as a result, the hydrogen reactions aré more important to equili-

brium distribution of ozone density and temperature with increasing height.
In Figure 6 equilibrium temperature profiles are shown for the

three different sets of rates for reactions (5) and (6) and for the twc
cooling rate coefficients, fast and slow. The water vapor mixing racvio
‘used is 3-10-6 wliile the low mixing ratio for ﬁitrégen oxides is usec.

' The slow cobliﬁg rate coefficient (a-l = 17 days) 1is 70% longer than

the fast one (a“l = 10 days) above 35 km. From eq (5C) it might be
expected that a 7OZ‘decrease in 'a' would lead to a 70% increase in
(T~186°5.rather than the.zsz increase (at 45 km) indicated in Figure 6.
SQCS i; not the case, sincéufhe ozone density itself ?s strongly temper-
ature dcﬁendent through reactions (5) and (6) and increasing the témper~
- ature decreases the ozone density and thué the absorétion of energy.
Therefore the eduilibrium temperature is bufferqi against change. An
alteration in the cooling is nearly compensated for by a corresponding
alteration in the heating so the fractional change in the equilibrium

temperature is actually much smaller than the fractional changes in

either the cooling or heating.
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Coupling of temperature and ozone density is obvious for an O
atmosphere (rcglecting the hydrogen and nitrogen reactions) since (49)

- becomes
0=C- Ay | - (54)

and, from eqs (26) and (9)

2
(q3, + a3y K,

n_ k
025

A=

in~which the ratio k6/k5 isAstcong;yAtemper%ture depenqent. It éhquld
be noged that for each set of rates for ks and k6 ip-?éble,z, the ratio
'k6/k5 is strongly temperature dependent. In fact, tﬁe temperature
depenaence of k6/k5 for set 1 is exp (-3395/T) which is very closé to
that of exp (-3295/T) found for set 2. The temperature dependencé of
set 3 is somewhat less and the effe:t of this wili be discussed in
se;tion 5. When hydroéén reagtions are dominant in'determining the
ozone density (as appears to be the case above 45 km for a water vapor
.mixing ratio of 5-10-6) it 'might appear that the teﬁgcrature dependence
of the ozone density would be greatly reddced, since ‘the hydrogen reac-

tions do not have rates that are strongly temperature dependent. Above

45 km eq (49) can be approximated, by use of eqs (27) and (9), as

0= C - By : (55)
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where (above 45 km),

2(q5, +q,, )k :
0,5

BY

It is true that 1;9 is not t'émperattire dépender}t_ but Ik is s:t'rongly. tem-
perature dependc-;nt. Therefore, the .prcsence.:o‘i; h'yd'rog‘én reac'c.ic?r;s S
does not climinate the buffering of the temperature profile. This
result should be Aexpected.si‘nccé the hydr;)gen rcactions only destroy
ozone while the production of ozone by reaction (5) is temperature
dependent x.'xo matter what dcstruc.tion'proc’e.sses are :iominant. Eqs
(55) a'md (56) indicatc that the ozone density and, thus, temperature
profile above 45 km are dependent on the rate used for. reaction (5).
4 Thé temperature profiles in Figure 6, where three different values

are used for the rate of reaction (5), show this dependence,

The mixing ratio of OH may be estimated from'eq (50) as

*

1/2 |
D
e - (57)

The use of eqs (30), (31), and (32) in (57) gives
. 1/2 1/2
Kgd3,0/kq * U,0 "H,0

(k3 + Rpkyn om

e , o (58)
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Thus the mixing ratio of OH is proportional to the square root of the
water vapor mixiﬁg ratio. From eq (49) it’i; apparent that the impor-
tance of the hydrogen reactions to the ozone mixing ratio is directly
proporfionai to B¢y. Thus, increasing the water vapor mixing ratio
both increases the importance of the hydrogen reactions at a giveh |
height and decreases the height ‘at which the hydrogen reactions become

dominant in determining the ozone mixing ratio.

Above 45 knm eq (13) may be.used for Rz; i.e.,
kg Mo, f27 | '
Rz o K (1 + T K ) ] _ v (59)
- i "0, "n 10 , |
and (58) becémes
. . 1/2 1/2 .
(kgay,¢/k; + qHZO)kll . 41,0
w % n k ( n ) ° (60)
. R : 03 27 -} m
Kok ,n_ (1 + —2) : .
9714 m n, nmklo
2
Also, above 45 km, we may use an approximate form of (33); i.e.,
B 2 2le9nm ’ . (61)

Eqs (59), (60), and (61) are not used in our radiative photochem~-
ical equilibrium calculations but they are useful in- estimating the

“effect of varying the .rates for the hydrogen reactions.
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It is apparent from eq §60) that changes in k8' kll’ k9, kl&’ k27,
and klO will'be.undistinguishable in thci? ;ffects from Fhanges in the
assﬁmed water vapor mixing ratio. The effect of v;rying the water
vapor mixing rgtio has been discusse;i previously. We shall return to
this ﬁatter later in evaluating our‘quantitative results.

The effect of the nitrogen reactions on t'he ozone mixing ratio is
indicated in eq (49) by - F¢X. Use of eqs (28), (14), and (21) plus

the fact that R k,, > k.. at all heights yields

116 ~ “18
2R.k..n K 4 .
: ~ 116 :
~ . o o 2
FeX = . - - (62)

3

Using eq (14) we estimate that Ry < 1 below 35 km and R3ﬁ

le16 /k17 above 35 km so

N
FpX ~ Zleléan(p below 35 km | (§3)

and

-

~ ‘
FpX ~ 2R1k16an¢/(l + lelé/kN) above 35 km  (64)
It is apparent from eqs (63) and (64) that variations in k16 or k17 may
be equivalently expressed as changes in K, the mixing ratio of
nitrogen oxides. The effect on the ozone mixing ratio due to varying

the nitrogen oxides mixing ratio has already been indicated.
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. .Final}y, it ‘should b'c notgd that be10'v(r."|30 km the photocherical
time scale fur ozone is so long (sevlcral weeoks to years) that dyna;ni—
cal effects can be si{.;nific‘ant. It follows that joint radi‘ative-phot'o-
c-hemic,al equilibrium calculations should not be expected to give
results in agreement .witH observed temperature 'and ozone density
distributions. Above 35 km botH the photochemical time scale ({1 \
day) and the radiati:‘ve-photoc}‘lemical cooling time scale (about a .fe\;v

days) are short 'eno.ugh that dynamical cffects are unimportant. There-
fore eqﬁilibrium calculations shoula give appropriaté_yalues of ozone
density and temper ature. |

Figures 2-6 clearly show that distributions of ozone temperature
and density depend on values used for parameters such as reaction
rates, cooling time scale, and mixing ratigs .of‘ water vapor and nitrogen
oxides. These parameters can be adjusted to yield distributions which
best match the observed distributions of ozone density and temperature.
. Comparison of ozone measurements made b‘y severe;.l investigators
(Johnson et al. 1954, Rawcliffe et al. 1963., Miller and Stewart 1965,
Weeks and Smith 1968, Hilsenrath et al. 1969) shows a range in number
density as large as an'order of magnitude at some héights in the 35-61 km
region. Since the temperature in tlhis .region is much better determinad

as in the U. S. Standard Atmosphere 1962 or Supplemental Atmospheres

(Handbook of Geophysics and Space Environments), temperature rather thaa
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ozone density ié used to determine the match of the ‘Cquil:{bril.1m calcu-
lations to obseﬁétions. chc‘v'ver, as we sh.alﬂl sce, a rathér system‘atic.
difference between our ;;redicted ozone distribution ar;d those observed
may indicate an error in our choice pf. cooling rate coefficient.

The Supplemental Atmosphere ('fropical) has a étratopause tem-
perature of 270°K with 243°K at 35 km and 250%K at 61 k. In Figures
2, 4, and 6 all stratopause témpera'tures are higher than 270°K. Of
the three sets of reaction rates for the pure oxygen reactions, set 1
gives the smallest st ratopause temperature.. Also, from Figure 6
the fast coo'ling rate (g = (10 days)“1 above 2”5 ‘kr'n) alx'zv.z-zmy-s gives lower
stratopause tex.nperatuvres than the 516w cooli}:g rate (a - (i7 days)-l).
Set 1 for the pure oxyéen reaction rates and the fast cooling rate :;Lre
used in the calculations to model the temperature. This choice means
. srr;allcr mixing ratios 6f water vapor and nitrogexi oxides are needed
. to lower 'thae caICUlated-. stratopause temperature to that of the Supple- -

] -
meptal Atmosphere (Tropical) than if a slower cooling rate or another
set of rates for the pure oxygen re.actions were used.

Temperature profiles in Figures 2 and 4 indicate that cases with
watexl vapor absent have a nearly constant temperature above the
stfatoPause while cases v‘vith a-water vapor ;mixing ratio of 5. 10-6 show
a decrease of 55-75°K in femperat;lre from the.stra't‘-@paus'e to 61 k;n.

"Since the Supplemental Atmosphere (Tropical) has a 20°K decrease from
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the stratopause to 61 km, the water vapor mixing ratio is between zerc

6

and 5-10° . 2 valuc of 5'10-7 gives ™~ 23°K decrcease between the

- stratopause and 61 krﬁ but is less thaﬁ the 2-6-10-6 valﬁe for the water
vapor mixing ratio that measurements indicate (Mastenbrook 1968,
Scholz et al. 1970). As eqs (60) and (61) indicate a decrease in the
dissociétion rates of water vapof, a decrease in kll or kg' or an in-
crease in k " would mean the water vapor mixing ratio must be in-

14

creased to maintain the same calculated equilibrium temperature pro-

file,

-

The effect of various nitrogen oxide mi;xing ratios on the strato-

_ pause temperature is shown. in Table 3. Profiles 1 and 2 are the low

and high nitric oxide mixing ratios described previously. Proﬁles 3,
9

4, and 5 have constant nitrogen oxides mixing ratios of K = 3°10° ,

3:10"°, and 1410”7, respectively, Profile 6 has
; o

K =310 'z (35 km
K = 3-10'9exp(5-—;—3i) 35 km‘.<".z"< 45 km
K =1.6010"° '2') 45 km.

Profile 7 is simply Profile 6 with the K values multiplied by 10. Pro-"

file 8 has no nitrogen oxides included. Profiles 2, 5, and 7 yield about .

the same stratopause temperature, Profile 5 with a constant mixing

- . . ' v 2O .
ratio is unsuitable since the temperature decreases by 56 K from the
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stratopause down to 35 km as opposed to a ‘27°K decreasec in the Suppic-

mental Atmo<phere (Tropical). Profile 2 has a mixing ratio of nitroge:

oxides which continues to increase with height above 45 km, Conse-

' ' . o
quently the temperature decrease from the stratopause to 61 km is 317K
for Profile 2 as oppo‘sed to 23°K for Profile 7 which has a constant

ni’crdgen oxides mixing ratio abc;ve 45 km, Therefore Profile 7 is
.preferred of those triea. The mixing ratio of nitrogen oxides at a

given height affects the calculations atviower‘hcights only if the

amount of solar energy reaéhing the lower heights depends en the nitrogen
oxides mixiﬂg ratio higher up. This depend;nceléccur; if the nitrogen
oxides are strong absorbers of solar energy or if the nitrogen reactiocns
strongly alter the ozone density since ozone is a strdng absorber of
solar energy in the.rclevant frequency intervals. The former is not

" true and above 50 km, for the mi%ing ratios of nitrogen oxides used
here,.neithgr is the latter. Thus, equilibrium distributions found at
the stratopause depend only on the nitrogen oxides miking ratio at ‘that
height. From Table 3, we conclude that, sinée Profiles 2, 5, and 7 all
give stratopause temperatures of about the éame size, that a mixing

ratio for nitfogen oxides in the range of 8—16-10-8 is acceptable for

the reaction and cooling rates used. ilowever, as wi;l be seen in

section 6ba, our choice of cooling rate ﬁay be ﬁoo low in which case we
are requiring that ozone demsity be too low and consequently exaggerating
the need for ozone loss processes. A larger valuc of 'a' will much

diminish our need for .‘\'Ox. Hloreover, we are really Aspecifying FX in
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(49) rather than the NQx mixing ratio, andlchanges in rcaction rates
would altér our estimate for the latter.

| From eq (64) it is apparent that the mixing ra;io of nitrogen
_ oxides:needed to give a particular tempcrature distribution is altered
when the reaction rates; le and kl7; are altered.

The treatment of the day-night d'iffer‘enc;as iﬁ photochemistry is
f:;irly crude. However, timel-"dep.ende:nt éz'i;.lculations have been rqade
for the daily variations in ozone density and tempe’r’ature for Profiles
7 and 8. The temperatures at the stratopause, averaged over Z4 rours,
are listed in Table 3; The strétopause témperaturé f.r.om the time-
dependent calculations is 15° 17°K lower than tHat found in the joint
radiative-photochemical equilibrium calculations.' For Profile 7 the
resulting stratopause temperaturec of 273°K is in -good agreem.ent with
the 270°K stratopause ter-nperature of thg’Su‘pplemental Atmos phe'}e
'(Tropical). The results of the time-dependent calcﬁations will be
réporfed separately. ' .

The 15°K difference between stratopause temperature found for
radiative-photochemical equilibrium calculations and for the time-
dependent calculations when the same reaction rates and mixing ratios
of water vapor énd nitrogen oxides are used is due to the crude aver-'
aging technique for day-night differences in the radiative-photochemical

calculations. As discussed earlier in this section solar encrgy absorp-

tion occurs. only during daylight hours. The average cnergy absorption
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-

rate was set cquél to half of the noontime energy absorption ratc. It
was pointedyﬁut;that this treatment of day;ﬂight differcnces leads to
an ovérestimate in the energy absorption rate and, canséquently, an
.qverestimatc in the radia;ive—photochcmical tempe;ature. From eqs (49),
(50), (51), (55), and (56) it is scen thaf a stratopause temperatufe of
273°K insteadiof 283°K reéultsAwhen (all‘othér'ﬁéfaﬁétcrs-heiﬂg the '
same) the noontime energy absorption divided by'i;é,insteéd of 2 is -~

used: for the average energy absorption rate.

ba, CRITiCAL ASSESSHMENT, OF EQUILIBRIUM RESULTS
The above results wnile intefeéting are not as important as the
fact that the system we have developed is siﬁple enough to permit the
immediate evaluation of the effects of va;ious'changes and the identi-
-ficgtion of questionable rate coefficients. In this section we will
use this simplicity in order to assess and extepd the results obtained
-above.

In the above scheﬁe we have essentially asked what amount of ozone
is necessary to produce the observed mean temperaturé between 35 km and
.60 km. The amount is.less than what one would obtain from simple oxygen
chemistry. So we further inquired how mugh HZO and NOx would be needed
for the various catalytic destructions of ozone to reduce the value to .

that needed. For'the reaction and cooling rate coefficients used we
obtained answers. to these questions, and these answers seem questionable
on at least threc counts:

1) The density of ozone calculated between 40 and S0 kﬁ is about 30%

less than the few exiéting measurcments indicate;
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ii) The suggested mixing ratio for NO at 50 km, 1.6'10-7, is highex

than has hitherto been’ suggested, “and
iii) The mixing ratio for H20 suggestcd 5+10 7, is’less than currently
believed. .

For argument's sake, let us‘assume tﬁe above discfepancies are &re
real, and attempt to track down.their origins; Ttem (i) is entirely
determined by eq (51); i.e., it is independent of any chemical assump-
tions, and depends only onAou; choice of solar intensity and absorption
cross-sections in ozone's absorption bands and on our choice of ‘a',
the cooling rate coefficient. Considcrable uncer:amb} exists con-
cerning the value of 'a' at 50 km. If it were 30% 1a;ger, 30% more
ozone would be needed to produce the observed T. Dickinson (1972,
private communication) has informed us that his current calculations of

154 CO, cooling suggest that 'a' indeed continues to increase above

2

35 km to values on the order of 30% higher than 1/10 days above 40 kam.
With 30% more ozone above 40 km, the loss terms due to hydrogen

and nitrogen reactions must be reduced. Assuning our reaction rates

are correct, this can be achieved by reducing our mixing ratios for NOx

and 1.0. We rule out the latter on two counts:

2
a) Our value for ny, O/nm already seems low (viz item 3), and, more
2.
important,

b) The value we have chosen for nH'O/nm determines not only the value
2 . .

of ¢ (and hence temperature)‘at SO-km'but also the gradient of temo*'—

ature above 50 kﬁ where NOx has a neglipible éffect.
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We are, therefore, forced to reduce our mixing ratio for NOx.- To a%low

for 30% more ozone, this mixing ratio must be decrecased from 1.6-10'"7

to about 2.4'10—8. The latter value seems more plausible (viz item (ii))
and in turn supports the choice of the larger value for 'a'. Thus, a
plausible choice for the NOx mixing ratio between 35 znd 50 km appears

8., This is considerably more (by about a facter of 20}

to be 2-3-10"
than what is expected will be produced by full scale SST operations

(Johnston, 1972). Thus, whiie 8ST effects should be discernible, they
should not be catastrophic. In particular, a change of 5% in NOx
- should not p?oduce a simil;r‘change‘in ¢ since nitrogen reaétions ire
not the only loss processes.for ézone and Also Secaus; of the therm:l

buffering alréady described. Turning, finally, to item (iii) we must

note that the quantity we have chosen 1s not really ny 0/nm but By in

2
1 eq (49). From eqs (60) and (61) we have that
- . 1/2 1/2
2(q.,_ + q,0k (kgay, 0/ky + qy kg "4.0
, AlA3, T 43705 | R S S )
3;3¢' N — ~- —— ”W7:"('n'”>
. k9k14‘nm 1+ n., n_k )
0, m 10
.2
above 45 kn.

Clearly, various changes in reaction rate coefficients could allow

"0

a greater value for ( = ) without changing BYy. Rec¢ent measurements

mn
brought to our attention by S. Wofsy sugpest our rate for kS should be

increased from 5-10__1l to 2_10—10 while'kié should be changed from
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-11

10 to 2{10—19 (see Wofsy et al., 1972 for references). With these

i, 0 ‘ -6 _
- rmust be increased to about 5-10 to maintain a given
m - A

new rates

value for By. Discrepancy (iii) argues in favor of thc new rates.
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5. RELAXATION TIME.SCALES
Suppose'w;’_‘ consider small perturbati.or;s from the radiative-
pl)dtochcmical equilibrium state calculated in section lo.’ Then lineari-
zation of eqs (22), (23), and (45) yields the equations which can be

solved for the time scales for return to radiative-photochemical equi-

librium. The equations are, with winds negleéted,
1 , :
m‘ﬂ¢'EWfJT” o - - (68
s g - et 4 N

where, using primes for perturbation quantities and overbars for

equilibrium value,

et
=g+,
T=T+T,
n 1 TI . .
m__ ~ - — (valid for small pressure perturbations)
~ T
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B = [2Ag+ Bl + 515 + FX(L+ ¢))3/(L+ R)), (68)

C= Be/ (1 + R,), ' (69)

B =Lieagt (B - 5,6,)BY + (£ + ¢, )FXYA+ R, (70)
T :

L =-D- e TV /6)/(1+ R,) | ()
€ 2Eba e R,), o - (72)

and | -
Fowmtmarry . (73)

Further definitions are

°6=1+e6-e5,

Y4 = Yl + Yo
o Rekys J1615 3, R, Xk15]
Y1 T . oy ¥ -
17‘9 Rio
klanNO R_Xk
3%%s
Yo = _—D /D- . ]’
2 RTA k. Mg
1% 17 19
ot e = (2 - e.)] = yyle g + )
WS I e o - -y e, - ¢
k k €12
| 12+R191 - %5 1'%15 7 %16 T C17
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1 .‘_NO2
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/T + Ry)pn K D1,
R .k : -
1716
—_—b - - - 1 - s
T+ Rk (%6 T & e5) - el et - ep7)
3717
‘= Y3 Sz < {00 km
3
kg .
= =A/(1 + &) — z > 40 km
il
= 0 k21 ] ,".
; n, k '
O2 10
= v, (14 21/R3)
=w—£2Y4—1 g_<_40km
oA kg %12 |
= (e + 1) +=—— (e,, -~ 2+ e_) ~j
(1 + A)2 kli’\\,_ 27 lell . 12 5
z 2 40 km
- 1 + (2 2 - r
T 16 T2 - eg) tkgegl/{2R K+ ko]
-1+ [(k + R k 1)(2 - eS)Rl + RIRZRHO"

kpe,1n, /B
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RR.k.n /B

L Tl F i i

85 = 81v,7/v,
— dk.
T N . -
= — =5, 18),
¢ "k (gr (=518
i T

and, from the linearization of eq (24),

1 U H
2{:‘-2 el—— + ez.z_-_-'c
X © T -

The complexity of our coefficients in (65) and (66) arises bhecause
some of the reaction rates, ki, and the ratios Rl, R,, and R3 are tem—
perature dependent and the ratios-R2 and R3 are also dependent on the
ozone mixing ratio. There are additional terms in eqs (65) and (66)
which have been neglected since they are much smaller than those
retained. If there is no coupling, then the time scale for return to

 y etz . -1 ' . . éz -1
equilibrium is for the ozone mixing ratio, for the hydroxyl
B . -1 - nr G v“/y 1
mixing ratio, and a ~ for the temperature. The terms Cy', T', ¢',

E;T',,and n¢', represent the coupling between the photochemical and

radiative processes.

©
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.\\

Egs (65), (6‘6), and (67) may be combined to:

23 | o (o '
[ + Mt N+ st =0 (74)
ot o ¢ T, |
where .
"M=a+P + £

N=BE+aB + Eas Aptch
s= falh + 8L &Ca@-} Cq -

Initial conditions are needed to solve eq (74) and we consider three

cases: A. C - - E -
(1) Ht = 0) = ol0),
Cpe=0=o,
T'(t=0) =0,

(@) git=0)=0,

Yt = 0) = $(0),

STt =0)=0, |
and " (3) t=0) =0,
=0)=0,

it =
- T't = 0) = T(0).
T‘he solution for (p' for case l is
olt Ozt ' 0'3t

[ . ( - .
o = @(0) Kllc, + KZlc + K31e ;
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the solution for y' for case 2 is

ot . o5t °3t
| —— .
P! = P(0) Klze + Kzze '+ K32e

and the solution for T' for case 3 is

olt .. 031: 03t
1 -
T' = T(0) K13e + K23e + K33e .

The coefficients are defined as

Klj = '(ej + Vj(OZ + 03} + 0203)-/[(01 - 03).(01 - 02).];
sz = (9j + Vj(03 + o)) * 0y05)/ {0, = 030, - 0,0
K3j = (ej + Vj(o1 to,)t oloz)/[(03 - ooy - 0,)]

. where j =1, 2, 3 and

v, = B,

v,= £ | i

V3 =&,

elz—ez-nﬁ -CD,

' 2

Oz = £ - CIO N
2

0, = Q - n)j .

3
The values Gy Oy and a3 are roots of the cubic equation:

2

oy +f4s5 + Ny +8S=0 ‘ (75)

which follows from eq (74).
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For cases where the hydrogen reactions are neglected (74) reduces

to:

2 '
~'[L2+('q +B)—§€+(aﬁ+ﬂr)](‘,§,)=0 (76)
. -

with the solution for ' (case 1) as

32 +173 ot 31 B8t
1 [, o ———
¢ —(‘D(O) A A e A _ A
. %9 . . %79

- ‘ - . . -
' .

" and the solution for T' (c.as‘e 3) as

5, + St & +a 6.t

TV = T(0) 20— b e ® (o)
A A A A ’ '
02 7 % %279
where 3
] ) .
-%153 - (a +"B')-[(a'-—5)2-‘_4nﬂ]1/2 (79)
S IR

: , -1 -1 A -1 -1
In Figure 7 time scales a , B . 71(= - (Reo.l) ), and 1-2(._- -(Reéz)

are plotted for the pure O case with set 1 for rates of reactions (5) and

)

.(6) and the fast profile of a. The possibility of complex ?; and ,C‘:

1 2
merely means that the coupling results in an oscillating decay of the
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perturbations.. The time scale T ‘-1 is several years at 22 km and
decreases to d:bout 90 minutes at 50 km ard then incrc;aé.es above to
about 1/10 day at 61 knﬁ. When coupling is included the actual time
| s;:ale for thermal reclaxation is Tl and f'o'r ozone relaxation is 1;2. As
shown in Figure 7 coupling results in a slightl'}'r morc rapid ozone relax-
ation below 30 km and ; slightly slower ozone relaxation above 30 km.
Below 30 km coupling ;;uses;" a slower thermal relaxation, If:we

write eqs (79) and (80) as
6 =-(axB) -2 (81)

32 =-(a+B) -6/2 '82)
> :
o _ 2 3 a1/2 ,
. where 62 ((a -B ) - 45 ) and then substitute eqs (81) and (82)

into eq (78), the result is

iﬁ—‘t—ﬁ—)t. e/2t -6/t
et g

6/2t s/ 2t
+ 6(e +e )] (83)
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+6/2t

Now §/2 ( (& + 3 )/2 and if we consider an expansion of e~ {fcr time
{ (t'>/2)’1 thez we may write eq (83) as . .
- 2 ——"t
T'X T(0)e - 2 i} : (84)
or
= T(0)e” *°. | (85)

Thus, if we are con_sidering a- wave with period 7 (Q -I, then the actual
time scale for thermal relaxation is not T but Q -1 below 30 km where
egs (84) and (85) are good approximations‘to eq (83). -

Above 30 km ’B.-l is much less than G-l, and couplihg betwecan
the pho‘.ﬁoche.:mical and radiative processes‘ results in more rapid thermal
relaxation as shownin Figure 7. Lindzen and Goody (1965) also found.
that thermal relaxation was n;.ore rapid above 30 km, though they
‘used a different set of rates for‘reaction's '(5) and (6).

Above 40 km, 4(/J3 n+q‘3) (((a +B 2 and B ((Q 1 o eq

(81) can be approximated:

AT T . | - (86)

For the pure O.case egs (68) and (70) reduce to
B - 240 : | (87

N o=eag®. (88)
. T -
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Use of eqs (87) and (88) in eq (86) yiclds . _ .

———— —— —

C A Aren/ T 5 ' ‘
5, % ShreelT 22 - (89)
. ] ZA(p 2T _ ' Y

Substitution of eq (51) 1into eq (89) gives

Q
—
]
|
N '
————
[
]
|
S
L]
~~
X}
(@)
~

From Figures 2 and 4 we see that the equilibrium temperature for the

pure O case is nearly constant above 40 km so, from eqg (90)

?;1 2 constant above 40 km
as+is shown in Figure 7.
The N + H + O case requires the solu£ion of.eq (75). In Figure 8
are plot;ted the values Q -1, JB -1, and E -1 as we1=1 -as .71,. Ty aﬁd
1-3-(= - [Rec3]-A1), where T, is the hydro¥y¥ relaxation time scale when
coupling is incAluded. Set 1 is used for rates for reactions (5) and (6)
and the fast profile is used for @ . The water vapor mixing ratio is
5 10.-6 while the low fnixing ratio profile for the nitrogen oxides is used.
In Figurc 8 we see that below 40 km 1-3: €-1 and T é.nd T, are approxi-

- mately the same as for the pure O case. This result is reasonable since
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we previously found that inclusion of the hydrogen reactions has little
effect on the equilibrium distribution of izimperature and ozonc density
below 40 km. The only effect of the nitrogen reactions is to shorten

/B -1 : -

at the lowest altitudes.
Above 40 km the hydrogen reactions become increasingly important

. g -1 : . B -1 . .
with nearly the same size as . Thec time scale for relaxation
of a perturbation in the ozone denéity or hydroxyl density is modificd since

there is strong coupling between the ozone and hydrogen photochemistry.
The photochemical acceleration of the thermal relaxation is modified

but not eliminated. Above 40 km eq (86) is applicable and:

ox -B/B. - c (91)

Forthe N+ H+¢ O ca'se above 40 km egs (68) and (70) reduce to: |
"13,4‘: By, : (92)
2 % pBYe/T ) o (93)

so substitution of eqs (92), (93),and (53) into eq (91) yields

. . .0‘
A . -, = 180
‘ o, = Brp/T = BA(L -~ —

) C(94)

Now the cquilibrium temperature for the N - H -~ O case in Figures 2 and
4 decreases nearly lincarly above 42 km and this decrease is reflected

in the nearly linear increase of 7. with height in Figure 8.

1
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Figure 9 shows T for six cases: O, H+ O, N+ O (low), N+ O
(high), N+ H+ O (low)', and N + H + O (higin). It is apparent-that inclu-
‘sion of nitrog;n reactions for the low .'mixing ratio of nitrogen oxides
does not alter ™ from cases with no nitrogen present but use of the hizh
mixing ratio in;:reases o The ;eason for t_h'is effect can be scen most
readily by referring ‘to 'f,he equilibrium eqs (49), (505, and (51). ﬁ;e
effect of nitrogen reacti.ons on ozone density is contained in thc .'térm'

- FpX and above 35 km this term can be written, by application of
ﬂeqs ‘(_29), gx#)_, and (9), as: S - ,

) FeX % 2k Ken 3 (95)

The effect of the pure oxygen reactions on ozone density is contained

2 . o '
in the term, - Ap and from egs (26) and (9), we have

2(q,_ +4q,.) | , ' L ‘ T
o . . . . .
2

rs

Comparing the terms (95) and (96), we see that temperature dependence

of ozone density due to nitrogen reactions is by k17 and the temperature

dependence of ozone density due the oxygen reactions is by (ké /k5)1/2,

The temperature dependence of 1(17 is much less than that of (k6/k5)1/2°

When the high mixing ratio profile of nitrogen oxides is used, FeX



,
58

!

becomes more important than A in dctermining the ozone density

between 35 and 45 km. Since the temperature dependence of FgX is less
o . , :

than that of A(p“, it follows that o is increased at heights where nitrogen

reactions are more important than pure O reactions in determining ozone

dens ity..

Figuré 10 shows 7, for the N + H ¢+ O (low) case when three dif-

1

ferent sets of rates for reactions (5) and (6) and two values for {,

fast and slow are used, Above 35 km eq (94) still holds,

T 180°) -
o, % pa( -y, L (+7)
T SN

‘Since the equilibrium temperature varies with different sets of rates
for reactions (5) and (6) (Figure 7), so does o)

As discﬁssed i.n section 4, the effect of varying rates for reactions:
(7)-(18) can be shown by varyiné the water vapor mixing ratio or the
mixing ratio of nitrogen oxides, 'Resulting values of T) are within the -
range of those shown in Figure; 9 and 10. V.

In section 4 we found that the equilibrium temperature calculated
had the best match with the observed temperature for the case with
set 1 for the rates for reactions (5) and (6), the cooling time scale cf
d-l = 10 days, a water vapor mixing ratio of.5~10-7., and a nitrogen
oxides mixing ratio defined by Profile 7, Using thése parameters in

-the present calculations we find that the minimum value of ) is
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2.6 days at 32 km. Between 35 and 61 km the value of T is between

1 is proportional to 'a', the revisions

3.3 and 3.7 davs. Since O
_suggested in section 4a will lead to.fprthcr reductions of Tye

-’I"he results show th'at coupling between radiative and photoc'hcr.ﬁical
processes leads to an’acceleration.ofthprrn;} fclaxaiion above 30 km
for a wide range of reaction rates and other paramecters. The minimum
value of T is between 2 and 4 days at 31-35 km. When the hydrogen
reactions are negle-cted 1-1 is nearly'constant with height above 40 km
and when thg hyérogen realctio‘ns az;é included with a mixing ratio QfW
5’ 10-'6 for water vapor T increases almost iinearly from the minimum
value at 35 km to about 5 aa)'s at 61 km. Therefore the Newtonian cool-

ing rate coefficient to be used in the temperature equation for dynamical

problems in the stratosphere above 30 km is not 'a' but Tl-l“ Moreover

"1'1 seems large enough to dissipate internélARoss'by waves.
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6. CONCLUSIONS

In this paper we héve,dcvéloﬁed quaptitatively justifiéblc simple
‘models for thé radiative heatiﬁg andléhg éompliéatgd'b;one photo-
chemistry of the stratosphere between ;bout 20 and QO km.  These mpdcls<:ﬁ
permit‘the immediate evaluatién of the effects of various chemical ‘and
physical quantities on the temperaturc and o?anc.distributions in the
stratosphere. We show that the region 35-60 km should (away from
arctic regions) be ip apbroximately"joint radiativc—photochemicai equi-
libriun, and we use.our simple models to Ealculatc this equilibridm.

We shoﬁ that the interactiéh of radiation-an&ﬂéhemistry significantly
buffers the'temperature and ozone distributions in thévstratosphere so
that rather'large changes in cooling rates, reaction rates, Etcﬂ, Jeaa
to much more modest changes in ozone and temperature.~.We also sbow
that given an observed distribution of mean temperature (a quantity

" much more extenéively measured tﬁan ozone) we can (assuming accurate
knowledge of reaction and infrared cooling rate coeffipients) determine
the amounts of water vapor and nitrogen oxides needed to produce the
ozone distribution which would in turn lead ﬁo the observed temperature.
This procedure is facilitated by the fact (vhich we demonstrate) that
hydrogen reactions are significant loss processes for ozone above 40 km
while nitrogen reactions are important below 50 km. -Thus there are
regions where nitrogen and hydrogeﬁ reaétions are iﬁdividually rather
than jointly important. Unfortunately, reaction and cooling rate coef-

ficients are not accurately known. However, our siwplified equations

can still be used as diagnostic tools. In this manher, we show that an

°
A
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intcrnally consistent description of observed distributions of temper-

ature and ozone in the stratosphere can be obtained with a time scale

>

for'infrarcd cooling varying from ten days at 35 km to 7.7 days above
40 km, a mixing ratio for nitrogen oxides (NO + NOZ) of about 2f3-10-8
and a.mixing ratio for water of about 3'i0_6. The question of normal
NOx mixing ratio has assumed considerable %mpo%tantc recently because
it 1s believed that proposed SST (super sonic transport) operations may
add about 1'10—9‘to the NOx.mikiﬁg ratio. The present calculations
suggest that the SST contribution will be only 3-5% of the ambient
amount, and because of the thermal buffering of the sy stem the effect
of this addition on ozone den91ty should be 1ess tha; 3- 5/

Ve also used our simple models to calculate the joint radiative-
photochemical relaxation of perturbations in temperature; ozone mixing
ratio and hydroxyl mixing ratio away from their equilibrium values. - Ve
find that for all.photochemical models considered, the photochemistrs
greatly accelerates thermal relaxation aé calculated simply on the
basis of infrared cooling. The time scale for the latter is about
10 days. The actual time scale for thermal relaxaiion when photo-
chemistry (which-is teméératuré dependent) is included proves to be

only 2-4 days. These shorter scales imply greatly enhanced damping for

hydrodynamic waves in tle stratosphe;e;
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- Table 1

OH + OH *-’PI-IZO + O

13

k=510 B “exp(-1000/T)

Reaction Rate Source
0, +hv »0+0 a, () { 2460 R See text
O, +hv—>0+0, q,, (3100 R ¢y (11000 &) See text
O, +hv 0% +0, Q5 (A ¢ 3100 R) See text
H.O+hv —»H + OH q.. (» (2400 &) See text
2 H,0
NO, + hyv —»NO + O g (0 (3975 &) See text
2 NO,
O+ O2 + M_——}O3 + M k5 See Table 2
see Table 2
—p : m
A O»+ 03 202 k6 " See Table 2 '
~11° : {
O+ M—>0 + M ko =510 1 Zipf 1969
O + HZO -» 20H k8 = 5"10'-11 Demore and Raper 1967 -
OH+ O—~>H + OZ k9- = 5 10-11 Kaufman 1969
H+O, + M->HO, + M klO = 4-10-32  Kaufman 1969
— -11 : ] .
HO, + O =» OH + O, kyy = 5710 Nicolet 1970
OH + O, ~»HO, + O 110" ep 2y (-1500/T) Nicolet 1970
3 2 2 12 .- ‘.4\.p 5 * Vi

Nicolet 1970
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Table 1 (Cont'd. )

Reaction Rate Source
) -11
OH + HO,~> H,0 + O, k, =10 - ~Kaufman 1969
-12_1/2 ' ; .
HO, + NO —>OH + NO2 k15 =310 T exp(-1250/T) Nicolet 1970
NO.2 + O—»rNO + 02 k16 =3,2° 10-11exp(-300/'1‘) Klein and Herron 1966
NO + 03-—> NOZ + O2 k17 =1, 7'10—12exp'(-1310/'1’) Schofield 1967
NO2 + 03-—*? NO3 + O2 k18 = lo-uexp(-3500/T) Johnston and Yost 1949
: : ’ -2 ; p
NO, + OH + M*—>HNO3 + M k]9 = 3.3-10 >3 :Berces and Forgeteg 1970
NO + OH + M-—?"HNO2 + M kZO = k19 . See telxt
HNO, + O =7 NO, + OH ky =L 7'10-11 Berces and F'ér-geteg 1370
HI\JOZ + O-——?OH + NO2 k’22 = k21 | See text
NO3 + NO—> ZNO2 : k23 = 10-:ll ~' . Berces ahd.‘FBrgetegh'IC)?O
: S 12 ' )
HO2 + HO, —» HZOZ + O2 k24 = 5,10 * exp(-1000/T) Nicolet 1970
H,0, +hv —»20H X (5650 & Holt 1948
H, O, + OH —>1_0 + HO "k,, =4 10-13']‘1/2—x (-6Q0/T) Grei;le)‘ 1968 °
272 T 2 2 26 ~ - xP . '
o+ 0, ~—> Ol +0, K,y = 1..5‘10"12 71/2 Phillips and Schiff 1942

7L
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Table 2

Set 1: i
‘ -35 .
kg =1.2:107 7 exp(1000/T)
e " Schiff 1969 °©
k = 2.0°10 exp(-2395/T)
Set 2 =
- -35
kS = 8,0-10 exp( 445/T)
' 1 Benson and Axworthy 1965
k, = 5.6°10 exp(- 2850/T
Set 3
2.6 : . -
kg = 5.5.107>%(300/T) 2 Kaufrman 1067 . :
k, = 1.4-10'12exp -1500/T



Table 3

Nitrogen Oxides Profile 1 2

Nitrogen Oxides Mixing ‘ ) -9
: ' 6.4-10 8.8-10
Ratio at Stratopause

Temperature at Stratopause (.OK) 304 291
Temperature at Stratopause

(Daily Mean)(°K)

8

3-10

306

-9

3-10

301

-8

-7

10

© 291

1.4°107

303

8

1.6+10°

, 4

288

273

0

307

290

9L
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I'igure Legends

Figure 1. The absorpfion of solar photons by NOZ' 02, HZO, and O3
as é function of height.

Figure.Z. AThe .radiat.ive.-photochemical equilibrium temperature at
60 latitude. as a function of height. The;éiX" cases are described
in section 4.

Figure 3, The radiative-photochen;xical ie(.luilibrium ozone number
density a,t' Oo latitude as a function of height.

Figure 4. Same as Figure 2 but at 45° latitude.

| Figure 5. Same as Figure 3 but at 45° latitude.

Figure 6. The radiative-photochemical ‘equilibrium temperature as a
function of height for 0° latitude for an N + H + O atmosphere.

* The three sets of reaction rates are in Table 2 and the fast and

slow cooling rates are discussed in the text. Our lov NOx values

were used.

-1
Figure 7. The reclaxation time scales in a pure O atmosphere. B
-1 o
and a  are the relaxation time scales for O3and temperature,

respectively, when the coupling between the photochemistry and

temperature is neglected. '72 and T are the relaxation time scales

for the 03 and temperature, respectively, when the coupling is

considered.



78

' : -1
Figure 8. The relaxation time scales inan N+ H+ O atmosphere. 4 ,
0 : | - |
5 , an” a are the relaxation time scales for 03, OH, and
tempcrature, respectively, when the coupling bectween the

, and T are

photochemistry and temperature is neglected. Ty Tg

the relaxation time scales for 03, OH, and temperature, respectively,

when the coupling is included.

Figu're 9, The thermal relaxation time scale, T as a function of

height for the cases considered in Figures 2 and 3.

Figure 10. The thermal relaxation time scale, T» 253 function of

height for the cases considered in Figure 6.



HEIGHT (KM)

70

60

50
40
30

20

o III"-']' NI UL L

N >,. ‘4-
11]1:]1'1|1‘1l|1"||I|1'lt-1

] 1

1

l i

o (laza +qsbln, -

i

0% 10" 0% 10® 0% 10° 108 107

PHOTONS Cii™ SEC™

b/



HEIGHT (KM)

o - (@) 1)
60— | % -»6VA?/{
i | \ ", .
. - . |
S0 %oy, !
. B - .
401 .
| 5057
i o
30~ |
o B~ _
4 Zor—(G)(/(q) () (1)

Ilrllll[ili)ll]ll[]ll(z))

‘l[llll‘l]']!Tif

0
(2)==~ =~ H+0 |
(3)eeoccase N+0 —
_ ~ (Low)
(4)ocoocoN+H+0
' ow)
(8)———N+0 ]
- (High)
(6) N+H+0
(High)

! l N RN N ' vt bt bt by

-———

Aot

I

180 200 220 240 260 280
| TEMPFRATH

500 320 340 360

£ (K)

'P’/({



HEIGHT (KM)

P T TTTI U T TTTrm T TTTTTd L ITIIHI T TTTh
(2)(5) (3)° (1)
60— N (N o |
. | (6) (2) ””””” H'.l’o i
| (3). ....... (NL:;.())
ow
50— (4)oocooly+H+O |
- {Low) _
(§})———N+0
40— o (High) _
(6) N+H+0
- (High) -
30— —
B : /’ /” 'ﬁ N
20— - ®) 4 312y ) —
| I 1111111' ! ‘1111111' (ol I llunﬂ Lo erpy
A9 10 ! ' ‘
0 0 0" 0% 0° 0

0ZONE NUMBER DENSITY (CM™)

“rg-



HEIGHT (KM )

T T T T [T T T T 7] N L : T T
60— A (5)(\’\/(3) | S
i o0 | _'
. (2) =»==~=-H+0 '
50 (3) eecccees N+0
- y (Low) _
(4)oooooN+H+0 - |
40-—- " (LOW) —
(5)———=N+0
- fHigh) —
. {6) N+H+0
301 , (Hir;h),——
20"—'(4) ~(2) I v o | N
i B S AR T o ] Lo b e b o b b,

180 200 220 240 260 280 300 320 340 360
. TEMPERATURE (°K)

e



HEIGHT (KM)

0ZONE NUMBER

DENSITY (CM)

T IIHHI I I']Ill”' T T 1itnl I‘l lillil‘ 1 1 l[TH.'
: (a)_(2)(8) A1)
S LY R K (3 () o _
(2)=== - H+0
i | (3)essenase E\;L.;.o)
- (Low L
50 (400000 N+H40
— : (Low) —
(5)———N+0
40— (High) —]
(6) N+H+0
B : (High) ]
301~ _
- ( ( | _
- o] \\' (l) L
20— Oy e
| | lllllll 1 | llll!l' ] I l‘llll-ll S | 1 IlllUl 1 Lt
9 10 : ] : 12 I3 {4
10 10) |0 10 10 10

£5



I]l]l[lAlI]III|III]I]l]T]l]ll.-TII.ll]T

 essescces SET 1
50— %Tz}HmT —
coooo00o SET 3

—-—-—SET 1
O ==~ SET Z}SLOW —_
= SET 3 a

20— IR _
b s b ey b et b e b b
180 200 220 240 260 280 300 320 340 360

TEMPERATURE (°K)

48

o\



(KM)

HEIGHT

T ITHHW T TTTT T T T TTTT T IIHIHI T T
. 7 i
7 |
60— ; !
A :
: !
S50 \\ ,"
. L NG |
. ..'N P
40— TS
B ooool-?‘}..\.N
30—
i,
20— | | _
l IIIHHJ L ll]ltl!' I 1'111111’ | 1';.1111!! AN NN

10” 10 0% 0°

0 |
TIME CONSTANT (DAYS)

5k



HEIGHT (KM)

i

60—

50—

40—

| llllll'

L ol

T T TTTTI T | l[]llﬂi

mmunani

0

| C il Lol Lo

| 10 0
TIME CONSTANT (DAYS)

S



HEIGHT (KM)

60

50

40

20

10

(1) —0
(2)-=--- H+0
(3) ........ N4+0
(Low)
- (4)oooooN+H*0
(Low)
(5)———N+0
" (High)
(6) M+H+0
(High)
1 1 1"111'11[5 | 1 l;llllll | L1t

T

| S R (¢
ME SCALE (DAYS)

LE



HEIGHT (KM)

60—

50—

40—

T

lev

y/a



